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Abstract²Background5RERWDVVLVWHGDQNOHDVVHVVPHQWFRXOG
SRWHQWLDOO\ EH FRQGXFWHG XVLQJ VHQVRUEDVHG DQG PRGHOEDVHG
PHWKRGV ([LVWLQJ DQNOH UHKDELOLWDWLRQ URERWV XVXDOO\ XVH
WRUTXHPHWHUV DQG PXOWLD[LV ORDG FHOOV IRU PHDVXULQJ MRLQW
G\QDPLFV7KHVHPHDVXUHPHQWVDUHDFFXUDWHEXWWKHFRQWULEXWLRQ
DV D UHVXOW RI PXVFOHV DQG OLJDPHQWV LV QRW WDNHQ LQWR DFFRXQW
6RPH FRPSXWDWLRQDO DQNOH PRGHOV KDYH EHHQ GHYHORSHG WR
HYDOXDWH OLJDPHQW VWUDLQ DQG MRLQW WRUTXH 7KHVH PRGHOV GR QRW
LQFOXGH PXVFOHV DQG WKXV DUH QRW VXLWDEOH IRU DQ RYHUDOO DQNOH
DVVHVVPHQW LQ URERWDVVLVWHG WKHUDS\ Methods 7KLV VWXG\
SURSRVHG D FRPSXWDWLRQDO DQNOH PRGHO IRU XVH LQ URERWDVVLVWHG
WKHUDS\ ZLWK WKUHH URWDWLRQDO GHJUHHV RI IUHHGRP '2)V 
PXVFOHV DQG VHYHQ OLJDPHQWV 7KLV PRGHO LV GULYHQ E\ URERWLFV
XVHV WKUHHLQGHSHQGHQWSRVLWLRQYDULDEOHVDV LQSXWVDQGRXWSXWV
DQ RYHUDOO DQNOH DVVHVVPHQW 6XEMHFWVSHFLILF DGDSWDWLRQV E\
JHRPHWULF DQG VWUHQJWK VFDOLQJ ZHUH DOVR PDGH WR DOORZ IRU D
XQLYHUVDO PRGHO Results 7KLV PRGHO ZDV HYDOXDWHG XVLQJ
SXEOLVKHG UHVXOWV DQG H[SHULPHQWDO GDWD IURP  SDUWLFLSDQWV
5HVXOWVVKRZDKLJKDFFXUDF\LQWKHHYDOXDWLRQRIOLJDPHQWQHXWUDO
OHQJWK DQG SDVVLYH MRLQW WRUTXH 7KH VXEMHFWVSHFLILF DGDSWDWLRQ
SHUIRUPDQFH LV KLJK ZLWK HDFK QRUPDOLVHG URRW PHDQ VTXDUH
GHYLDWLRQ1506'YDOXHOHVVWKDQConclusion7KLVPRGHO
FRXOG EH XVHG IRU DQNOH DVVHVVPHQW HVSHFLDOO\ LQ HYDOXDWLQJ
SDVVLYHDQNOHWRUTXHIRUDVSHFLILFLQGLYLGXDO7KHFKDUDFWHULVWLF
WKDW LV XQLTXH WR WKLV PRGHO LV WKH XVH RI WKUHH LQGHSHQGHQW
SRVLWLRQ YDULDEOHV WKDW FDQ EH PHDVXUHG LQ UHDOWLPH DV LQSXWV
ZKLFKPDNHVLWDGYDQWDJHRXVRYHURWKHUPRGHOVZKHQFRPELQHG
ZLWKURERWDVVLVWHGWKHUDS\


7KLVZRUNZDVVXSSRUWHGE\WKH8QLYHUVLW\RI$XFNODQGXQGHUWKH)DFXOW\RI
(QJLQHHULQJ 5HVHDUFK 'HYHORSPHQW )XQG  3K\VLFDO 5RERW+XPDQ
,QWHUDFWLRQ IRU3HUIRUPDQFH%DVHG3URJUHVVLYH5RERW$VVLVWHG7KHUDS\DQG
WKH&KLQD6SRQVRUVKLS&RXQFLO(WKLFVDSSURYDOKDVEHHQREWDLQHGIURP
WKH8QLYHUVLW\RI$XFNODQG+XPDQ3DUWLFLSDQWV(WKLFV&RPPLWWHH
00=KDQJLVZLWKWKH'HSDUWPHQWRI0HFKDQLFDO(QJLQHHULQJ8QLYHUVLW\
RI $XFNODQG $XFNODQG  1HZ =HDODQG HPDLO
P]KD#DXFNODQGXQLDFQ]
:0HQJLVZLWKWKH'HSDUWPHQWRI0HFKDQLFDO(QJLQHHULQJ8QLYHUVLW\RI
$XFNODQG $XFNODQG  1HZ =HDODQG DQG DOVR ZLWK WKH 6FKRRO RI
,QIRUPDWLRQ(QJLQHHULQJ:XKDQ8QLYHUVLW\RI7HFKQRORJ\:XKDQ
&KLQDHPDLOZPHQ#DXFNODQGXQLDFQ]
7&'DYLHVLVZLWKWKH'HSDUWPHQWRI0HFKDQLFDO(QJLQHHULQJ8QLYHUVLW\
RI$XFNODQG$XFNODQG1HZ=HDODQGHPDLOFGDYLHV#DXFNODQGDFQ]
< ; =KDQJ LV ZLWK WKH 'HSDUWPHQW RI 6SRUW DQG ([HUFLVH 6FLHQFH
8QLYHUVLW\ RI $XFNODQG $XFNODQG  1HZ =HDODQG HPDLO
\DQ[LQ]KDQJ#DXFNODQGDFQ]
64;LHLVZLWKWKH'HSDUWPHQWRI0HFKDQLFDO(QJLQHHULQJ8QLYHUVLW\RI
$XFNODQG $XFNODQG  1HZ =HDODQG FRUUHVSRQGHQFH HPDLO
V[LH#DXFNODQGDFQ]
Index Terms²DQNOH DVVHVVPHQW FRPSXWDWLRQDO PRGHO
URERWDVVLVWHGWKHUDS\URERWGULYHQVXEMHFWVSHFLILF

, ,1752'8&7,21
RERWV KDYH EHHQ GHYHORSHG IRU WKH WUHDWPHQW RI YDULRXV
DQNOHLQMXULHVRYHUWKHSDVWGHFDGHV:HDUDEOHGHYLFHVDUH
XVXDOO\ DLPHG DW DQNOH UHKDELOLWDWLRQ GXULQJ JDLW H[HUFLVHV
ZKLOHSODWIRUPURERWVFDQRQO\GRDQNOHWUDLQLQJ>@=KDQJ
HW DO >@ V\VWHPDWLFDOO\ UHYLHZHGYDULRXVDQNOH UHKDELOLWDWLRQ
GHYLFHV DQG GHPRQVWUDWHG WKHLU HIIHFWLYHQHVV LQ FOLQLFDO
DSSOLFDWLRQV ,W ZDV FRQFOXGHG WKDW IHZ H[LVWLQJ URERWV
FRQGXFWHGUHDOWLPHDQNOHDVVHVVPHQWVWRFRQWUROWKHURERW7KH
NQRZOHGJHRIDQNOHNLQHPDWLFVDQGG\QDPLFVPD\DOORZIRUWKH
DOWHUDWLRQRIFRQWUROVWUDWHJLHVRIURERWDVVLVWHGWKHUDS\EDVHG
RQUHDOWLPHDQNOHSHUIRUPDQFH
$QNOH DVVHVVPHQW LV HVVHQWLDO LQ URERWDVVLVWHG WKHUDS\
=KDQJ HW DO >@ UHYLHZHG ERWK TXDOLWDWLYH DQG TXDQWLWDWLYH
DVVHVVPHQWWHFKQLTXHV7KH\FRQFOXGHGWKDWPRVWTXDQWLWDWLYH
DVVHVVPHQW WHFKQLTXHV DUH UHOLDEOH LQ PHDVXULQJ DQNOH
NLQHPDWLFVDQGG\QDPLFVEXWDUHXVXDOO\RQO\DYDLODEOHIRUWKH
VDJLWWDO SODQH )HZ VWXGLHV FRQGXFWHG DQNOH DVVHVVPHQWV LQ D
WKUHHGLPHQVLRQDOVSDFHZKHUHIRRWPRWLRQDFWXDOO\RFFXUV>@
0RVW DQNOH UHKDELOLWDWLRQ GHYLFHV XVH WRUTXHPHWHUV DQG
PXOWLD[LV ORDG FHOOV IRU PHDVXULQJ MRLQW G\QDPLFV > @
7KHVH PHDVXUHPHQWV DUH DFFXUDWH EXW H[SHQVLYH )XUWKHU
DVVHVVPHQWDWWKHOHYHORIPXVFOHVDQGOLJDPHQWVLVDOVRODFNLQJ
DOWKRXJK1DLWRHWDO>@FRQGXFWHGWKHLGHQWLILFDWLRQRIDQNOH
PXVFOHOHQJWKXVLQJLQYHUVHNLQHPDWLFV
$QNOH DVVHVVPHQW DW WKH OHYHO RI PXVFOHV DQG OLJDPHQWV
XVXDOO\ FRQVLVWVRI FDGDYHUEDVHG VHFWLRQLQJ VWXGLHV >@
LQYDVLYH WHFKQLTXHV >@ DQG LPDJHEDVHG PHWKRGV >@
&DGDYHUEDVHG DQG LQYDVLYH PHWKRGV DUH QRW VXLWDEOH IRU
UHKDELOLWDWLRQ 7KH KLJK FRPSXWDWLRQ RI LPDJHEDVHG
WHFKQLTXHV OLPLWV WKHLU DSSOLFDWLRQV LQ UHDOWLPH URERWLF
HQYLURQPHQWV ,Q D EHWWHU ZD\ VRPH FRPSXWDWLRQDO PRGHOV
KDYH EHHQ GHYHORSHG IRU DQNOH DVVHVVPHQW DW WKH OHYHO RI
PXVFOHVDQGOLJDPHQWV/LDFRXUDVDQG:D\QH>@SURSRVHGD
FRPSXWDWLRQDO DSSURDFK WR PRGHO WKH ORZHU OHJ WR VWXG\
V\QGHVPRWLF LQMXU\ DQG DQNOH LQYHUVLRQ VWDELOLW\ 7KLV PRGHO
VLPXODWHG OLJDPHQW VHFWLRQLQJ H[SHULPHQWV DQG DFWXDO IRRW
PRWLRQZDVQRWIXOO\UHSUHVHQWHG/LQGQHUHWDO>@FUHDWHGDQ
DQNOH PRGHO EXW ZLWK RQO\ ODWHUDO DQNOH OLJDPHQWV LQFOXGHG
$5RERW'ULYHQ&RPSXWDWLRQDO0RGHOIRU
(VWLPDWLQJ3DVVLYH$QNOH7RUTXHZLWK
6XEMHFW6SHFLILF$GDSWDWLRQ
0LQJPLQJ=KDQJ Student Member, IEEE, :HL0HQJ 7&ODLUH'DYLHV<DQ[LQ=KDQJ6KHQJ4;LH* 
Senior Member, IEEE
5
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:HL HW DO >@ HVWDEOLVKHG D FRPSXWDWLRQDO PRGHO IRU
GHWHUPLQLQJ G\QDPLF DQNOH OLJDPHQW VWUDLQV E\ LQSXWLQJ
NLQHPDWLFGDWDIURPDVL[FDPHUD9LFRQ0;&DSWXUH6\VWHP
7KH LVVXHV RI VHWXS DQG WLPHFRQVXPLQJ DQDO\VLV SURFHVV
LPSHGHLWVDSSOLFDWLRQLQURERWDVVLVWHGWKHUDS\0RUHUHFHQWO\
:HLHWDO>@UHYLVHGWKLVPRGHOZLWKWKUHH'2)VDWWZRMRLQWV
LQ ZKLFK WKH URWDWLRQDO D[LV RI DQNOH LQYHUVLRQ DQG HYHUVLRQ
ORFDWHVEHWZHHQWKHWDOXVDQGWKHFDOFDQHXV7KLVPRGHOFRXOG
SURYLGH OLJDPHQW VWUDLQV DQG MRLQW PRPHQWV EXW ZDV RQO\
YDOLGDWHG IRU DQNOH VXSLQDWLRQ ,Q JHQHUDO WKHVH HYDOXDWHG
PRGHOVKDYHEHHQGHPRQVWUDWHGWRLGHQWLI\WKHNLQHPDWLFVDQG
G\QDPLFV RI WKH IRRWDQNOH FRPSOH[ IRU VRPH VSHFLILF
DSSOLFDWLRQV +RZHYHU WKHVH PRGHOV GR QRW LQFOXGH PXVFOHV
DQG WKXV DUH QRW VXLWDEOH IRU DQ RYHUDOO DQNOH DVVHVVPHQW LQ
URERWDVVLVWHGWKHUDS\
7KH REMHFWLYH RI WKLV VWXG\ ZDV WR GHYHORS DQG YDOLGDWH D
QRYHO FRPSXWDWLRQDO DQNOH PRGHO IRU XVH LQ URERWDVVLVWHG
WKHUDS\ 7KLV URERWGULYHQ PRGHO XVHV WKUHH LQGHSHQGHQW
SRVLWLRQYDULDEOHVDV LQSXWVZKLOHRXWSXWWLQJDQRYHUDOO DQNOH
DVVHVVPHQW NLQHPDWLFVDQGG\QDPLFVRIDQNOH MRLQWPXVFOHV
DQGOLJDPHQWV,WZDVGHYHORSHGWRDOORZIRUVXEMHFWVSHFLILF
UHVXOWVE\VFDOLQJDJHQHUDOPXVFXORVNHOHWDOPRGHOWRHQDEOHWKH
DSSOLFDWLRQ WR PRVW RI WKH SRSXODWLRQ 7KLV SDSHU PDLQO\
IRFXVHV RQ WKH HVWDEOLVKPHQW RI WKH DQNOH PRGHO
VXEMHFWVSHFLILFDGDSWDWLRQDQGPRGHOYDOLGDWLRQ
,, 0(7+2'6
$FRPSXWDWLRQDODQNOHPRGHOZLWKWKUHHURWDWLRQDO'2)VDQG
 IRUFH HOHPHQWV )(V ZDV FRQVWUXFWHG IRU XVH LQ
URERWDVVLVWHGWKHUDS\7KHVH)(VFRQVLVWRIPXVFOHVDQG
VHYHQOLJDPHQWV6XEMHFWVSHFLILFDGDSWDWLRQVE\JHRPHWULFDQG
VWUHQJWKVFDOLQJZHUHPDGHEDVHGRQSDUWLFLSDQWV¶KHLJKWDQG
ZHLJKWWRHQDEOHWKHDSSOLFDWLRQWRPRVWRIWKHSRSXODWLRQ7KLV
URERWGULYHQ PRGHO FRQVLGHUV WKUHH LQGHSHQGHQW SRVLWLRQ
YDULDEOHVDVLQSXWVDQGRXWSXWVWKHNLQHPDWLFVDQGG\QDPLFVRI
LQGLYLGXDOPXVFOHOLJDPHQWDQGWKHDQNOHMRLQWDVVKRZQLQ)LJ
7ZRVLJQLILFDQWDVVXPSWLRQVDUHDQNOHPRWLRQH[LVWVDWD
VLQJOHMRLQWEHWZHHQWKHWLELDILEXODXQLWDQGWKHWDOXVFDOFDQHXV
7KHWLELDILEXODLVIL[HGGXULQJURERWDVVLVWHGWKHUDS\ZKLOHWKH
WDOXVFDOFDQHXV URWDWHV LQ WKUHH URWDWLRQDO '2)V DQG  WKH
URWDWLRQDO D[HV RI DQNOH GRUVLIOH[LRQSODQWDUIOH[LRQ '3
LQYHUVLRQHYHUVLRQ,(DQGDEGXFWLRQDGGXFWLRQ$$LQWHUVHFW
DWRQHSRLQWWRIDFLOLWDWHLWVXVHLQURERWDVVLVWHGWKHUDS\
A. Model Formulation 
7KLVDQNOHPRGHOZDVFUHDWHGEDVHGRQWKHORZHUH[WUHPLW\
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)LJ $URERWLFVGULYHQFRPSXWDWLRQDODQNOHPRGHOZLWKPXVFOHVDQGOLJDPHQWVIRUDVVHVVPHQWZLWKVXEMHFWVSHFLILFDGDSWDWLRQ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FRPSXWDWLRQDODQNOHPRGHOXVLQJWKUHHDQJXODUSRWHQWLRPHWHUVDURXQGWKUHHURWDWLRQDOD[HVWKHIRRWSODWHGHQRWHGE\WKHUHGDUURZLVIL[HGRQWKHPRYLQJSODWIRUP
GHQRWHGE\WKH\HOORZDUURZE\DVL[D[LVORDGFHOOGHQRWHGE\WKHJUHHQDUURZWKH\FRPSULVHWKHHQGHIIHFWRUDQGWKHPRYLQJSODWIRUPZLWKWKUHHURWDWLRQDO'2)V
LVGULYHQE\IRXUSDUDOOHODFWXDWRUV
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I UHSUHVHQWV IHPDOH SDUWLFLSDQWV DQG DOO RWKHUV DUH PDOHV 1R UHSUHVHQWV
SDUWLFLSDQWQXPEHU$JH\HDUV+FPLVSDUWLFLSDQWKHLJKWDQG0NJ
UHIHUVWRSDUWLFLSDQWPDVV%0,LVWKHERG\PDVVLQGH[EDVHGRQ+DQG0
6 DQG 6 UHSUHVHQW WZR GLIIHUHQW VWUHQJWK VFDOLQJ IDFWRUV DQG WKH\ DUHGHILQHGLQ05,0DJQHWLFUHVRQDQFHLPDJLQJ
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PRGHO GHYHORSHG E\ 'HOS HW DO >@ LQ 2SHQ6LP >@ DQG
DQDO\VHG LQ 0$7/$% E 7KH ORZHU H[WUHPLW\ PRGHO
LQGLFDWHV'3DWWKHDQNOHMRLQWDQG,(DWWKHVXEWDODUMRLQW7KH
$$ ZDV DGGHG LQ WKH SURSRVHG PRGHO IRU XVH LQ
WKUHHGLPHQVLRQDO URERWDVVLVWHG DQNOH WKHUDS\ 7KHVH WKUHH
URWDWLRQDO D[HV ZHUH PRGLILHG LQ 2SHQ6LP WR RUWKRJRQDOO\
LQWHUVHFW DW D SRLQW FRQVLGHUHG DV WKH URWDWLRQ FHQWUH RI WKH
DQNOHIRRWFRPSOH[LQURERWDVVLVWHGWKHUDS\6HYHQOLJDPHQWV
VSDQQLQJWKLVMRLQWDUHLQFOXGHGLQWKHPRGHODQGUHSUHVHQWHGE\
OLQHDU HOHPHQWV 7KH FRUUHVSRQGLQJ DWWDFKPHQW ORFDWLRQV DUH
GHWHUPLQHGIURPGLVVHFWLRQDQGDQDWRPLFDODWODVHV>@DV
VKRZQLQ)LJDQG7DEOH,0XVFOHVLQFOXGHGDUHWKHVDPHDV
WKDW LQ *DLW DYDLODEOH RSHQ WKURXJK WR 2SHQ6LP VRXUFH
VRIWZDUH>@EXWRQO\VHFWLRQVFRQQHFWLQJWKHWLELDILEXODDQG
WKH WDOXVFDOFDQHXVDUHXVHG DV VKRZQ LQ)LJDQG7DEOH ,
/LJDPHQW VWLIIQHVV VXPPDULVHG E\ :HL HW DO >@ EDVHG RQ
SXEOLVKHGGDWD LVXVHGLQ WKLVVWXG\DQGSDVVLYHPXVFOH IRUFH
ZDVFDOFXODWHGEDVHGRQPXVFOHOHQJWKZLWKUHVSHFWWRQHXWUDO
OHQJWK>@
'HILQLWLRQVRIWKHDQNOHFRRUGLQDWHV\VWHPSURSRVHGE\WKH
6WDQGDUGL]DWLRQ DQG 7HUPLQRORJ\ &RPPLWWHH RI WKH
,QWHUQDWLRQDO 6RFLHW\ RI %LRPHFKDQLFV ZHUH DGRSWHG LQ WKLV
PRGHO ZLWKGRUVLIOH[LRQ DEGXFWLRQDQG LQYHUVLRQGHILQHGDV
SRVLWLYHZKLOHSODQWDUIOH[LRQ DGGXFWLRQDQGHYHUVLRQGHILQHG
DVQHJDWLYH>@7KUHHFRRUGLQDWHIUDPHVUHVSHFWLYHO\GHQRWHG
DVWLELDILEXODWDOXVDQGFDOFDQHXVZHUHGHILQHGWRGHVFULEHIRRW
PRWLRQV7KHWLELDILEXOD IUDPHݔݕݖ௧௜௕ WKH WDOXV IUDPHݔݕݖ௧௔௟DQG WKH FDOFDQHXV IUDPHݔݕݖ௖௔௟NHHS WKH VDPH DV WKDW LQ WKHORZHUH[WUHPLW\PRGHOݔݕݖ௧௜௕LVIL[HGDQGQRPRYHPHQWH[LVWVEHWZHHQݔݕݖ௧௔௟DQGݔݕݖ௖௔௟7KHFRRUGLQDWHRIWKHVHDWWDFKPHQWSRLQWV GHVFULEHG LQݔݕݖ௧௜௕ FRXOG EH REWDLQHG E\ WUDQVODWLRQEDVHGRQDQNOHDQDWRP\DQGURWDWLRQEDVHGRQDQNOHPRWLRQDV
VKRZQLQDQGZKHUH݌UHSUHVHQWVWKHFRRUGLQDWHRIWKH
DWWDFKPHQWSRLQWZLWKUHVSHFWWRDFHUWDLQFRRUGLQDWHIUDPHܴ
LVWKHURWDWLRQPDWUL[GHSHQGLQJRQWKUHHLQGHSHQGHQWDQJXODU
YDULDEOHV GHQRWHG E\ ߠௗ௣  ߠ௜௘ DQG ߠ௔௔  DQG ௧ܶ௜௔ି௧௔௟ DQG௧ܶ௔௟ି௖௔௟DUHWKHWUDQVODWLRQPDWULFHVGHFLGHGE\DQNOHDQDWRP\൜݌௧௜௕ ൌ ܴ 	 ? ݌௧௔௟ ൅ ௧ܶ௜௔ି௧௔௟ ǡ݌௧௜௕ ൌ ܴ 	 ?ᇾሺ݌ᇿ௧௔௟ ൅ ௧ܶ௔௟ି௖௔௟ሻ ൅ ௧ܶ௜௔ି௧௔௟ ܨܧܽݐݐ݈ܽݑݏǡ ܨܧܽݐ݈ܿܽܿܽ݊݁ݑݏ ܴ ൌ ቎ܿ݋ݏߠ௔௔ܿ݋ݏߠ௜௘ ܴଵଶ ܴଵଷݏ݅݊ߠ௔௔ܿ݋ݏߠ௜௘ ܴଶଶ ܴଶଷെݏ݅݊ߠ௜௘ ܿ݋ݏߠ௜௘ܿ݋ݏߠௗ௣ ܿ݋ݏߠ௜௘ܿ݋ݏߠௗ௣቏
ZKHUH
ܴଵଶ ൌ െݏ݅݊ߠ௔௔ܿ݋ݏߠௗ௣ ൅ ܿ݋ݏߠ௔௔ݏ݅݊ߠ௜௘ݏ݅݊ߠௗ௣ܴଵଷ ൌ ݏ݅݊ߠ௔௔ݏ݅݊ߠௗ௣ ൅ ܿ݋ݏߠ௔௔ݏ݅݊ߠ௜௘ܿ݋ݏߠௗ௣ܴଶଶ ൌ ܿ݋ݏߠ௔௔ܿ݋ݏߠௗ௣ ൅ ݏ݅݊ߠ௔௔ݏ݅݊ߠ௜௘ݏ݅݊ߠௗ௣ܴଶଷ ൌ ܿ݋ݏߠ௔௔ܿ݋ݏߠௗ௣ ൅ ݏ݅݊ߠ௔௔ݏ݅݊ߠ௜௘ݏ݅݊ߠௗ௣ 

B. Subject-Specific Adaptation 
7KLV JHQHUDO PRGHO UHSUHVHQWV D \RXQJ DGXOW PDOH ZLWK D
KHLJKWRIPDQGPDVVRINJ6XEMHFWVSHFLILFDGDSWDWLRQV
LQ HYDOXDWLQJ SDVVLYH DQNOH WRUTXH ZHUH FRQGXFWHG RQ QLQH
\RXQJDGXOWVVL[PDOHVDQGWKUHHIHPDOHVZLWKDJH
\HDUVROGKHLJKWFPDQGZHLJKWNJ
6XEMHFWVSHFLILF DGDSWDWLRQV LQ HVWLPDWLQJ OLJDPHQW OHQJWKV
ZHUHFRQGXFWHGRQWZRDGGLWLRQDODGXOWVDPDOHZLWKDJH
\HDUVROGKHLJKWFPDQGZHLJKWNJDQGDIHPDOHZLWK
DJH\HDUVROGKHLJKWFPDQGZHLJKWNJ3DUWLFLSDQWV
ZHUH UHTXLUHG WR KDYHQRKLVWRU\ RI VHYHUH DQNOH LQMXULHV QR
DFXWHDQNOHVSUDLQVZLWKLQWKHODVW\HDUDQGQRDFXWHV\PSWRPV
RISDLQRUZHDNQHVV7DEOH,,VXPPDULVHVWKHFKDUDFWHULVWLFVRI
SDUWLFLSDQWVDQGVFDOLQJIDFWRUVXVHGLQWKHSURSRVHGPRGHO
7KH VXEMHFWVSHFLILF DGDSWDWLRQ XVHG D QRQXQLIRUP
JHRPHWULFVFDOLQJDQGPDVVIDWVFDOLQJGHILQHGE\5DVPXVVHQ
HW DO >@ VHH   DQG  ݎ DQG ݎ௕ UHSUHVHQW DFWXDOFRRUGLQDWHV DQG WKH EDVH RI )( DWWDFKPHQW SRLQWVܨ DQGܨ௕UHSUHVHQWDFWXDOIRUFHDQGWKHEDVHRI)(VܩLVDîVFDOLQJ
PDWUL[ IRU VHJPHQWV GHQRWHG E\ ܩ ൌ ݀݅ܽ݃ሾܩଵଵǡ ܩଶଶǡ ܩଷଷሿ 
ZKHUHܩଵଵ ൌ ܩଷଷ ൌ ඥ݇௠ ݇௟	? ܩଶଶ ൌ ݇௟ ݇௟ DQG݇௠ UHSUHVHQWV
KHLJKWDQGZHLJKWUDWLRWKHGLIIHUHQFHVEHWZHHQ ଵܵDQGܵଶDUHLI WKH IDWPDVV SHUFHQWDJH LV FRQVLGHUHG IRU VWUHQJWK VFDOLQJ௙ܴ௔௧ LV REWDLQHG EDVHG RQ  DQG ௙ܴ௔௧௕ LV ௙ܴ௔௧ RI WKH EDVH
PRGHODQGܴ௢௧௛௘௥LVݎ ൌ ܩݎ௕ 
ܨ ൌ ௜ܵܨ௕݅ ൌ 	 ?ǡ	 ? 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C. Experimental Data 
([SHULPHQWDOGDWDUHJDUGLQJWKHUHODWLRQVKLSEHWZHHQDQNOH
SRVLWLRQDQGSDVVLYHWRUTXHZHUHFROOHFWHGE\DPDQXDODQNOH
DVVHVVPHQW GHYLFH 7KLV GHYLFH PHFKDQLFDOO\ FRQVLVWV RI D
KDQGOHIRUPDQXDORSHUDWLRQDPRYLQJSODWIRUPDQGDIRRWSODWH
ULJLGO\IL[HGZLWKDQDQNOHRUWKRVLV7KHFRPSRQHQWVXVHGIRU
VHQVLQJ LQFOXGH DQ DQJXODU SRWHQWLRPHWHU DQG D VL[D[LV ORDG
FHOO0&6XQULVH,QVWUXPHQWVZKLFKLVWKHVDPHDVWKH
HQGHIIHFWRURIµ5RERWLFV¶LQ)LJ7KHURWDWLRQDOD[LVRIWKH
DQNOH RUWKRVLV ZDV PDGH WR EH FRQVLVWHQW ZLWK WKDW RI WKH
PRYLQJSODWIRUP
3DUWLFLSDQWV ZHUH LQVWUXFWHG WR VLW RQ D KHLJKWDGMXVWDEOH
FKDLU ZLWK WKH KLS DQG NQHH MRLQWV LQ  RI IOH[LRQ 7KH
DQNOHIRRW FRPSOH[ ZDV IL[HG RQWR WKH IRRWSODWH E\ DQ DQNOH
RUWKRVLV7KHURWDWLRQDOD[LVRIWKHDQNOHRUWKRVLVZDVYLVXDOO\
DGMXVWHG WR DSSUR[LPDWH WKH DQNOH MRLQW 3DUWLFLSDQWV ZHUH
YHUEDOO\ HQFRXUDJHG WR UHOD[ WKH IRRWDQNOH FRPSOH[ WR
)LJ0RGHOEDVHGQHXWUDOOHQJWKDQGSXEOLVKHGOHQJWKRIDQNOHOLJDPHQWV
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PLQLPLVHWKHHIIHFWVE\PXVFOHDFWLYDWLRQV([WUHPHVRIDQNOH
'3GHSHQGHGRQWKHVXEMHFWLYHVHQVDWLRQIURPSDUWLFLSDQWVXQWLO
WKHIRRWLVWHQVH7KHURWDWLRQZDVFRQVLGHUHGWREHTXDVLVWDWLF
ZLWK DQJXODU YHORFLW\ OHVV WKDQ V WR UHGXFH WKH HIIHFW E\
YHORFLW\)LYHF\FOHVVWDUWLQJIURPQHXWUDOSRVLWLRQGHILQHGDV
WKHDQNOHSRVLWLRQZKHUHWKHIRRWDQGWKHOHJDUHSHUSHQGLFXODU
WR HDFK RWKHU LQ VDJLWWDO SODQH EDVHG RQ >@ WR H[WUHPH
GRUVLIOH[LRQWRQHXWUDOSRVLWLRQWRH[WUHPHSODQWDUIOH[LRQDQG
JHWWLQJ EDFN WR QHXWUDO SRVLWLRQ ZHUH FRQGXFWHG RQ HDFK
SDUWLFLSDQW 7KLV VWXG\ ZDV DSSURYHG E\ WKH 8QLYHUVLW\ RI
$XFNODQG +XPDQ 3DUWLFLSDQWV (WKLFV &RPPLWWHH  IRU
H[SHULPHQWDWLRQRQKXPDQVXEMHFWVDQGFRQVHQWZDVREWDLQHG
IURP DOO SDUWLFLSDQWV 'DWD UHJDUGLQJ WKH QHXWUDO OHQJWKV RI
DQNOHOLJDPHQWVZHUHREWDLQHGIURPWZRDGXOWVXVLQJ05,7KH
LPDJHVZHUHREWDLQHGXVLQJD6LHPHQV6N\UD7VFDQQHUDQG
7ZHLJKWHGYROXPH[[PPLQDVDJLWWDOSODQH7KH
OHQJWKVRIDQNOHOLJDPHQWVZHUHPHDVXUHGRIIOLQHXVLQJV\QJR
IDVW9LHZ
D. Model Validation 
'DWD EDVHG RQ WKH SXEOLVKHG OLWHUDWXUH >  @ DQG
SDVVLYHWRUTXHFROOHFWHGIURPSDUWLFLSDQWVZHUHXVHGIRUPRGHO
YDOLGDWLRQ7KHOHQJWKVRIDQNOHOLJDPHQWVGHSHQGRQQRWRQO\
WKHERQHJHRPHWU\EXWDOVRWKHLURULJLQDQGLQVHUWLRQSRLQWVRQ
ERQHV $Q DFFXUDWH DQNOH PRGHO VKRXOG RXWSXW DFFXUDWH
OLJDPHQW OHQJWKV DQG WKXV OLJDPHQW OHQJWKV FRXOG EH
FRQVLGHUHG DV D PHDVXUH IRU PRGHO YDOLGDWLRQ 0DQ\
UHVHDUFKHUV KDYH LQYHVWLJDWHG OLJDPHQW OHQJWKV LQ WKH QHXWUDO
SRVLWLRQ WKURXJK HLWKHU FDGDYHU VHFWLRQLQJ RU LPDJHEDVHG
PHWKRGVOLNH05,WHFKQLTXHDVVXPPDULVHGLQ7DEOH,,,7KH
VXPPDU\ PHDQV DQG VWDQGDUG GHYLDWLRQV 6'V ZHUH
GHWHUPLQHGE\PHWDDQDO\VLVXVLQJWKH5DQGRP(IIHFW0RGHO
>@7KHH[SHULPHQWDODQGPRGHOLQJUHVXOWVZHUHFRPSDUHGIRU
HDFK SDUWLFLSDQW XVLQJ PHDQ DYHUDJH GHYLDWLRQ 0$' URRW
PHDQVTXDUHGHYLDWLRQ506'DQG1506'IRUHYDOXDWLQJWKH
VXEMHFWVSHFLILFDGDSWDWLRQSHUIRUPDQFHDVUHVSHFWLYHO\VKRZQ
LQ   DQG  ݉௜ DQG ݁௜ UHSUHVHQW PRGHOLQJ DQGH[SHULPHQWDO YDOXH DW HDFK VHOHFWHG VWHS݅ VWHS UHIHUV WR WKH
PRPHQWIRUHDFKGDWDDFTXLVLWLRQDQG݊LVWKHWRWDOQXPEHURI
VWHSV 	?LV WKH UDQJH RI H[SHULPHQWDO YDOXHV GHILQHG DV WKH
GLIIHUHQFHEHWZHHQWKHPD[LPXPDQGWKHPLQLPXPYDOXHVLQD
GDWDVHWܯܣܦ ൌ 	 ? ȁ݉௜ െ ݁௜ȁ ݊	?௡௜ୀଵ  ܴܯܵܦ ൌ ඥ	? ሺ݉௜ െ ݁௜ሻଶȀ݊௡௜ୀଵ  
ܴܰܯܵܦ ൌ ܴܯܵܦ	? ൈ 	 ?	 ?	 ?	 ? 
,,, 5(68/76
A. Neutral Ligament Length 
0XVFOH DQG OLJDPHQW OHQJWK IRU DQ\ DQNOH SRVLWLRQ LV
DVVXPHGWREHREWDLQHGIURPWKLVFRPSXWDWLRQDOPRGHO)LJ
FRPSDUHV WKH PRGHOEDVHG QHXWUDO OLJDPHQW OHQJWK ZLWK
SXEOLVKHG GDWD VXPPDULVHG LQ 7DEOH ,,, ,W ZDV IRXQG WKDW
PRGHOLQJUHVXOWVZHUHUHDVRQDEOHDQGWRVRPHH[WHQWYHULI\WKH
HIIHFWLYHQHVVRIWKLVPRGHO
B. Passive Ankle Torque 
$QNOHWRUTXHFRXOGEHGLYLGHGLQWRSDVVLYHWRUTXHDQGDFWLYH
WRUTXH3DVVLYHDQNOHWRUTXHZDVFDOFXODWHGDQGFRPSDUHGZLWK
H[SHULPHQWDO UHVXOWV 0XVFOHV
 DFWLYH FRQWULEXWLRQ WR DQNOH
G\QDPLFVLVQRWLQWKHLQWHUHVWRIWKLVVWXG\)LJSORWVWKHWRWDO
SDVVLYHDQNOHWRUTXHLQ'3DQGFRQWULEXWLRQVE\PXVFOHVDQG
OLJDPHQWV DUH DOVR SUHVHQWHG VHSDUDWHO\ ,QGLYLGXDO )( IRUFH
GLVWULEXWLRQVZLWKDQNOHSRVLWLRQFDQEHVHHQIURP)LJVDQG
)LJGHVFULEHVSDVVLYHDQNOHWRUTXHLQ,(DERYHDQG$$
EHORZ UHVSHFWLYHO\ 3DVVLYH MRLQW WRUTXH DW PD[LPXP
LQYHUVLRQZDVFRPSDUHGZHOOZLWKSXEOLVKHGGDWD>@DQGQR
SXEOLVKHGGDWDUHJDUGLQJWKHWRUTXHHYDOXDWLRQIRUDQNOH$$
7KH JHQHUDO PRGHO XVHG LQ WKLV VWXG\ JRW WKH VLPLODU
FKDUDFWHULVWLFV JHQGHUDJHKHLJKWDQGZHLJKWDVSDUWLFLSDQW
1R7KXVDGLUHFWFRPSDULVRQEHWZHHQPRGHOLQJUHVXOWVDQG
H[SHULPHQWDO GDWD RQ SDUWLFLSDQW 1R  ZDV FRQGXFWHG WR
YDOLGDWH WKH HIIHFWLYHQHVV RI WKLV PRGHO 7R IDFLOLWDWH WKH
FRPSDULVRQGDWDSURFHVVLQJZDVFRQGXFWHGRYHUILYHWULDOVRQ
HDFK SDUWLFLSDQW WR HOLPLQDWH UDQGRP HUURUV FDXVHG E\
SDUWLFLSDQWVDQGWKHPDQXDORSHUDWLRQVHH)LJ7KHFXUYHLQ
F\DQLVFRQVLGHUHGDVWKHEDVHOLQHIRUPRGHOHYDOXDWLRQ)LJ
VKRZV WKH GLUHFW FRPSDULVRQ EHWZHHQ PRGHOLQJ UHVXOWV DQG
H[SHULPHQWDO GDWD RQ SDUWLFLSDQW 1R  0$' 506' DQG
1506' DUH   DQG  UHVSHFWLYHO\ 7KH
LQGLYLGXDOFRQWULEXWLRQRIHDFK)(LVFOHDUO\SUHVHQWHG
C. Subject-Specific Adaptation Performance 
7KLV PRGHO ZDV PDLQO\ GHYHORSHG WR EH VXEMHFWVSHFLILF LQ
HYDOXDWLQJ SDVVLYH DQNOH WRUTXH EDVHG RQ SDUWLFLSDQWV
 KHLJKW
DQG ZHLJKW E\ WZR VFDOLQJ JHRPHWULF DQG VWUHQJWK IDFWRUV
&RPSDULVRQFXUYHVRQHDFKSDUWLFLSDQWDUHVKRZQLQ)LJDQG
VWDWLVWLFDOGDWDDUHVXPPDULVHG LQ7DEOH ,90$'YDOXHVDUH
OHVVWKDQ1PH[FHSWIRUWKHRQHXVLQJ6RQSDUWLFLSDQW1R
506'YDOXHVDUHOHVVWKDQ1PH[FHSWIRUWKHRQHXVLQJ6
7$%/(,,,
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6WXGLHV /HQJWKPPMeans ± S Ds)$7D)/ &D)/ 37D)/ $7L7/ 37L7/ 7L&/ 7L1/ 66
6LHJOHUHWDO>@        
2]HNLHWDO>@        
0NDQGDZLUHHWDO>@        
7DVHUHWDO>@        
$VODHWDO>@        
&RPELQHG 19.22±2.50 30.19±2.74 23.35±2.38 19.18±10.48 15.28±7.52 32.44±6.89 41.83±4.93 
UHSUHVHQWVWKHVDPSOHVL]HLV66UHSUHVHQWVVDPSOHVL]HDQGYDOXHVLQEROGDQGLWDOLFUHSUHVHQWWKHUHOLDEOHUHVXOWVWKDWZRXOGEHUHJDUGHGDVWKH
EDVHOLQHIRUWKHYDOLGDWLRQRIWKLVPRGHO

7%0(5 
RQ SDUWLFLSDQW 1R  DQG WKH RQHV XVLQJ 6 RQ WKUHH IHPDOH
SDUWLFLSDQWV$OO1506'YDOXHVDUHOHVVWKDQ7RSUHVHQW
WKHVLJQLILFDQFHRIVXEMHFWVSHFLILFDGDSWDWLRQVWDWLVWLFDOUHVXOWV
ZLWKQRVFDOLQJ16DUHDOVRLQFOXGHGLQ7DEOH,97KHUHVXOWV
IURPSDUWLFLSDQW1R¶VDQGSUHVHQWJRRGPRGHOLQJ
DFFXUDF\ ZLWK DOO 1506' YDOXHV OHVV WKDQ  ZKLOH WKRVH
IURPSDUWLFLSDQW1R¶VDQGGRQRWZLWKDOO1506'
YDOXHVJUHDWHUWKDQ
7KH HYDOXDWLRQ RI SDVVLYH DQNOH WRUTXH FRUUHODWHV ZLWK WKH
OLJDPHQW OHQJWKV 7KH SHUIRUPDQFH RI WKH VXEMHFWVSHFLILF
DGDSWDWLRQLQHYDOXDWLQJOLJDPHQWOHQJWKVLVSUHVHQWHGLQ7DEOH
9 ZKHUH WKH PRGHOEDVHG QHXWUDO OHQJWK RI HDFK OLJDPHQW
FRPSDUHVZHOOZLWKWKDWIURP05,GDWDZLWKDOOGLIIHUHQFHVOHVV
WKDQPP
,9 ',6&866,21
7KH SRWHQWLDO RI WKLV PRGHO IRU XVH LQ
URERWDVVLVWHG DQNOH WKHUDS\ LV GLVFXVVHG
ILUVW 7KH UHTXLUHG NLQHPDWLF LQSXWV WR
H[LVWLQJ FRPSXWDWLRQDO PRGHOV DUH XVXDOO\
REWDLQHGIURPPDUNHUEDVHGPRWLRQFDSWXUH
V\VWHPV >@ 7KLV PRWLRQ DQDO\VLV
WHFKQLTXHLVQRWFRQYHQLHQWZKHQFRPELQHG
ZLWKURERWDVVLVWHGWKHUDS\GXHWRWKHLVVXHV
RIVHWXSDQGWLPHFRQVXPLQJDQDO\VLV7KH
UHTXLUHG LQSXWV WR WKH PRGHO DUH WKUHH
LQGHSHQGHQWSRVLWLRQYDULDEOHVWKDWFRXOGEH
HDVLO\ VHQVHG IURP H[LVWLQJ DQNOH
)LJ0RGHOEDVHGSDVVLYHMRLQWWRUTXHLQDQNOH,(DERYHDQG$$EHORZ
)LJ([SHULPHQWDOSDVVLYHDQNOH'3WRUTXHRYHUILYHWHVWVRQSDUWLFLSDQW1R

)LJ  &RPSDULVRQ EHWZHHQ PRGHOLQJ UHVXOWV DQG H[SHULPHQWDO GDWD RQ
SDUWLFLSDQW1R
7$%/(,9
68%-(&763(&,),&$'$37$7,213(5)250$1&(21(67,0$7,212)3$66,9($1./(72548(2)1,1(
3$57,&,3$176
1R 0$'1P 506'1P 1506'16 6 6 16 6 6 16 6 6
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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     
7$%/(9
68%-(&763(&,),&$'$37$7,213(5)250$1&(217:23$57,&,3$176
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UHKDELOLWDWLRQURERWV7KHGHYLFHVGHVFULEHGLQ>@UHSUHVHQW
WZRW\SLFDODQNOHUHKDELOLWDWLRQURERWVZLWKRUZLWKRXWSK\VLFDO
URWDWLRQDO D[HV RI HQG HIIHFWRUV %RWK FDQ XVH OLQHDU
SRWHQWLRPHWHUV WRHYDOXDWH WKHSRVWXUHRI WKHHQGHIIHFWXVLQJ
IRUZDUG NLQHPDWLFV RU RQO\ D PXOWLD[LV LQFOLQRPHWHU $Q
DOWHUQDWLYH PHWKRG IRU URERWV ZLWK SK\VLFDO D[HV LV WR XVH
DQJXODUSRWHQWLRPHWHUV ,QJHQHUDO WKH UHTXLUHG LQSXWV WR WKLV
PRGHO FRXOG EH HDVLO\ REWDLQHG IURP URERWLF GHYLFHV ZKLFK
SURYLGHWKHEDVLVIRUXVHLQURERWDVVLVWHGDQNOHWKHUDS\
([LVWLQJFRPSXWDWLRQDODQNOHPRGHOVDUHXVXDOO\GHYHORSHG
IRU OLJDPHQW DQDO\VLV IRU FHUWDLQ VSHFLILF DSSOLFDWLRQV 7KH
RYHUDOO DQNOH MRLQW WRUTXH FRXOG QRW EH UHOLDEO\ HYDOXDWHG
ZLWKRXWFRQVLGHULQJWKHFRQWULEXWLRQRIPXVFOHV+RZHYHUWKLV
SURSRVHGDQNOHPRGHOFRXOGEHXVHGIRUHYDOXDWLQJDQNOHMRLQW
WRUTXHE\FRPSXWLQJWKHFRQWULEXWLRQRIHDFK)(7KHXVHRI
WKLV DQNOH PRGHO PD\ SHUPLW D OHVV H[SHQVLYH UHKDELOLWDWLRQ
V\VWHP IRU H[DPSOH E\ UHSODFLQJ WKH QHHG WR XVH H[SHQVLYH
VHQVRUV ,PSURYHPHQW UHJDUGLQJ WKH URERWLF GHVLJQ IRU DQNOH
WKHUDS\ FRXOG EH IXUWKHU DFKLHYHG DOWKRXJK D UDQJH RI
URERWDVVLVWHG DQNOH UHKDELOLWDWLRQ WHFKQLTXHV KDYH EHHQ
GHPRQVWUDWHGWREHHIIHFWLYHIRULQGLYLGXDOVZLWKDQNOHLQMXULHV
>@ 7KLV PRGHO FRXOG EH XVHG IRU URERWDVVLVWHG DQNOH
DVVHVVPHQWDWWKHOHYHORIMRLQWDQG)(V
7KH PRGHO VWUXFWXUH LV GLIIHUHQW ZLWK DQNOH DQDWRP\ DQG
SXEOLVKHGPRGHOVZLWKDQNOHMRLQWEHWZHHQWKHWLELDILEXODDQG
WKHWDOXVDQGVXEWDODUMRLQWEHWZHHQWKHWDOXVDQGWKHFDOFDQHXV
>@6LHJOHUHWDO>@FRQFOXGHGWKDW'3PDLQO\H[LVWVDW
WKHDQNOHMRLQW,(PDLQO\H[LVWVDWWKHVXEWDODUMRLQWDQGRWKHU
PRWLRQ FRXOG EH WKH FRPELQDWLRQ RI WKH DQNOH MRLQW DQG WKH
VXEWDODU MRLQW 7KH '3 D[LV LQ WKH SURSRVHG PRGHO FDQ EH
DSSUR[LPDWHO\FRQVLGHUHGWREHFRQVLVWHQWZLWKDQNOHDQDWRP\
ZKLOH WKH ,(DQG$$D[HVDUHREYLRXVO\GLIIHUHQWZLWKDQNOH
DQDWRP\ 7KXV GLUHFW FRPSDULVRQ EHWZHHQ PRGHOLQJ UHVXOWV
DQG SXEOLVKHG GDWD PDLQO\ LQ WHUPV RI DQNOH '3 ZDV
FRQGXFWHG IRU PRGHO HYDOXDWLRQ )LJ  VKRZV SDVVLYH DQNOH
WRUTXHLQ,(DERYHDQG$$EHORZUHVSHFWLYHO\ZKHUHWKH
SDVVLYH MRLQW WRUTXH LQ H[WUHPH LQYHUVLRQZDVZHOO FRPSDUHG
ZLWK SXEOLVKHG GDWD >@ RQ VXEMHFWV ZLWK UHFXUUHQW DQNOH
LQYHUVLRQ VSUDLQV DOWKRXJK WKH PD[LPXP SRVLWLRQV ZHUH QRW
FRPSOHWHO\FRQVLVWHQW
)RUPRGHOHYDOXDWLRQLQ'3ERWKWKHQHXWUDOOLJDPHQWOHQJWK
DQGSDVVLYH MRLQW WRUTXHDUHFRQVLGHUHGDV WKH PHDVXUHV7KH
PHDVXUHG DQNOH 520  RI SODQWDUIOH[LRQ DQG  RI
GRUVLIOH[LRQLVFRQVLGHUHGWREHUHDVRQDEOHZLWKKLJKGULYLQJ
WRUTXH DSSOLHG ZKLFK LV YHULILHG E\ D SK\VLRWKHUDS\ H[SHUW
&RPSDULVRQVZLWKSXEOLVKHGQHXWUDOOLJDPHQWOHQJWKVREWDLQHG
IURPFDGDYHUDQDWRP\DQG05,ZHUHFRQGXFWHG,Q)LJWKH
QHXWUDO OLJDPHQW OHQJWK FDOFXODWHG IURP WKLV FRPSXWDWLRQDO
PRGHO VKRZV VDWLVIDFWRU\ DFFXUDF\ E\ FRPSDULQJ ZLWK
SXEOLVKHGGDWD7KHPDLQSXUSRVHRIWKLVPRGHOLVWRHYDOXDWH
SDVVLYH MRLQW WRUTXH DV IRRW PRYHV IRU XVH LQ URERWDVVLVWHG
WKHUDS\ 0RGHOLQJ UHVXOWV ZHUH FRPSDUHG ZLWK H[SHULPHQWDO
GDWD RQ SDUWLFLSDQW 1R  LQ )LJ  DQG D KLJK DFFXUDF\ ZDV
DFKLHYHGZLWK0$'506'DQG1506'YDOXHVEHLQJ
 DQG  UHVSHFWLYHO\ 7KH FRQWULEXWLRQ RI
LQGLYLGXDO)(DVVKRZQLQ)LJVDQGLVQRWYDOLGDWHGLQWKLV
VWXG\ VLQFH QR SXEOLVKHG HYLGHQFH KDV EHHQ IRXQG
6XEMHFWVSHFLILFDGDSWDWLRQVE\JHRPHWULFDQGVWUHQJWKVFDOLQJ
ZHUHPDGHLQWKLVPRGHO
&RPSDULVRQVZHUHFRQGXFWHGRQHDFKSDUWLFLSDQWDQGUHVXOWV
VKRZ D VDWLVIDFWRU\ DFFXUDF\ ZLWK HDFK 1506' YDOXH OHVV
WKDQ  +RZHYHU WKH DFFXUDFLHV YDU\ IRU GLIIHUHQW
SDUWLFLSDQWVDVVKRZQLQ)LJDQG7DEOH,9ZKLFKFRXOGEH
FDXVHGE\YDULRXV IDFWRUV OLNHDJHDQGJHQGHU >@0RVW
VXEMHFWVSHFLILFSHUIRUPDQFHRQ PDOHV LV FORVH ZLWK GLIIHUHQW
VWUHQJWK VFDOLQJ IDFWRUV 6WUHQJWK VFDOLQJ XVLQJ 6 RQ
SDUWLFLSDQW1RSUHVHQWVOHVVDFFXUDF\WKDQWKDWZLWK6DQG
WKHUHDVRQFRXOGEHWKDW6GRHVQRWFRQVLGHUWKHLQIOXHQFHIURP



)LJ&RPSDULVRQFXUYHVEHWZHHQPRGHOLQJUHVXOWVDQGH[SHULPHQWDOGDWDRQQLQHSDUWLFLSDQWV0760RGHOLQJWRUTXHXVLQJ60760RGHOLQJWRUTXHXVLQJ
6(7([SHULPHQWDOWRUTXH;FRRUGLQDWHLVDQNOHSRVLWLRQLQ'3<FRRUGLQDWHLVSDVVLYHDQNOHWRUTXH1P
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WKHIDWSHUFHQW+RZHYHUWKHVXEMHFWVSHFLILFSHUIRUPDQFHRQ
SDUWLFLSDQWV ZLWK PRGHUDWH %0, YDOXHV SUHVHQWV EHWWHU
HVWLPDWLRQDFFXUDF\1506'YDOXHVRQSDUWLFLSDQWV1R¶V
DQGXVLQJ6DUHOHVVWKDQ
7RSUHVHQWWKHVLJQLILFDQFHRIWKHVXEMHFWVSHFLILFDGDSWDWLRQ
WKHDFFXUDF\LQHYDOXDWLQJSDVVLYHDQNOHWRUTXHZLWKUHVSHFWWR
16 LV DOVR DQDO\VHG DQG SUHVHQWHG LQ 7DEOH ,9 7KHUH DUH
VLJQLILFDQWGLIIHUHQFHVDPRQJWKHVHQLQHSDUWLFLSDQWVUHJDUGLQJ
WKHPRGHOEDVHGSUHGLFWLRQDFFXUDF\ZLWK167KHGDWD IURP
SDUWLFLSDQW1R¶VDQGDUHHQFRXUDJLQJZKLOHWKRVH
IURPSDUWLFLSDQW1R¶VDQGGRQRWVKRZVDWLVIDFWRU\
SUHGLFWLRQDFFXUDF\7KHSRWHQWLDOUHDVRQLVWKDWWKHEDVHPRGHO
XVHGLQWKLVVWXG\UHSUHVHQWVD\RXQJDGXOWPDOHZLWKDKHLJKWRI
PDQGPDVVRINJZKLFKLVFORVHUWRWKRVHRISDUWLFLSDQW
1R¶VDQGWKDQRWKHUV)XUWKHULWFDQEHVHHQWKDWWKH
VXEMHFWVSHFLILF DGDSWDWLRQ VHHPV PRUH QHFHVVDU\ IRU IHPDOH
VXEMHFWV WKDQ PDOHV ZKLFK LV FOHDUO\ SUHVHQWHG LQ 7DEOH ,9
ZKHUH WKH WRUTXH HVWLPDWLRQ ZLWK VXEMHFWVSHFLILF DGDSWDWLRQ
SUHVHQW VLJQLILFDQWO\ LPSURYHG DFFXUDF\ ZLWK WKH 1506'
YDOXHV EHLQJ   DQG  IRU
SDUWLFLSDQW 1R¶V   DQG  ZLWK UHVSHFW WR DOO OHVV WKDQ 
ZLWKRXW167KHUHDVRQFRXOGEHWKHJHQGHUDQGWKHERG\VL]H
GLIIHUHQFHVRIWKHVHWKUHHIHPDOHVDVWKHEDVHPRGHO$QRWKHU
LQWHUHVWLQJ SRLQW LV WKDW HVWLPDWLRQZLWK 16 LV VXFFHVVIXO DQG
DFKLHYHV EHWWHU UHVXOWV WKDQ VXEMHFWVSHFLILF DGDSWDWLRQ
PHWKRGIRUSDUWLFLSDQW1R¶VDQG7KLVEHKDYHVDEQRUPDO
VLQFH WKH VXEMHFWVSHFLILF DGDSWDWLRQ GRHV QRW LPSURYH WKH
PRGHOEDVHGHVWLPDWLRQDVH[SHFWHGIURPWKHRWKHUKDQGWKLVLV
QRUPDOEHFDXVHWKHHVWLPDWLRQDFFXUDF\KDVEHHQKLJKZLWKDOO
1506' YDOXHV OHVV WKDQ  ZKHQ ZLWK 16 ,Q JHQHUDO
VXEMHFWVSHFLILF DGDSWDWLRQ GRHV QRW FRQWULEXWH VLJQLILFDQWO\
RQFH D KLJKSUHFLVLRQ HVWLPDWLRQ  KDV EHHQ REWDLQHG
+RZHYHU D PRUH FRPSUHKHQVLYH VXEMHFWVSHFLILF DGDSWDWLRQ
ODZVKRXOGEHLQYHVWLJDWHGLQQHDUIXWXUHZLWKERG\VL]HJHQGHU
DJHKHDOWKFRQGLWLRQDQGHYHQHWKQLFJURXSDOOFRQVLGHUHG
6RPHRWKHU OLPLWDWLRQVRI WKH PRGHO VKRXOG EH DOVRQRWHG
7KH OLQHDU UHSUHVHQWDWLRQ RI PXVFOHV DQG OLJDPHQWV DV EHLQJ
VWUDLJKWOLQHVEHWZHHQRULJLQDQGLQVHUWLRQSRLQWVPD\DIIHFWWKH
HVWLPDWLRQRIMRLQWWRUTXH7KHVXEMHFWVSHFLILFDGDSWDWLRQZDV
FRQGXFWHGEDVHGRQSDUWLFLSDQWV
KHLJKWDQGZHLJKWDQGIDFWRUV
OLNHJHQGHUDJHDQGKHDOWKFRQGLWLRQVKRXOGEHDOVRLQFOXGHG
IRUIXWXUHLPSURYHPHQW$QDOWHUQDWLYHVFDOLQJPHWKRGFDQEH
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